Flexible nanoscale confinement is critical to understanding the role that bending fluctuations play on biological processes where soft interfaces are ubiquitous, or to exploit confinement effects in engineered systems where inherently flexible 2D materials are pervasively employed. Here, using molecular dynamics simulations, we compare the phase behavior of water confined between flexible and rigid graphene sheets as a function of the in-plane density, "# . We find that both cases show commensurate mono-, bi-, and tri-layered states, however the water phase in those states and the transitions between them are qualitatively different for the rigid and flexible cases. The rigid systems exhibit discontinuous transitions between an (n)-layer and an (n+1)-layer state at particular values of "# , whereas under flexible confinement the graphene sheets bend to accommodate an (n)-layer and an (n+1)-layer state coexisting in equilibrium at the same density. We show that the flexible walls introduce a very different sequence of ice phases and their phase co-existence with vapor and liquid phases than that observed with rigid walls. We discuss the applicability of these results to real experimental systems to shed light on the role of flexible confinement and its interplay with commensurability effects.
The phase behavior and properties of water under nanoconfinement are significantly different than in the bulk, which has important implications for a myriad of nanotechnological applications and biological processes. [1] [2] [3] [4] Driven by the pursuit of understanding the anomalous phase behavior of confined water, topics such as low-dimensional ice formation, [5] [6] [7] unconventional phase transitions, [8] [9] [10] [11] and hydrophobic evaporation or dewetting, [12] [13] [14] [15] [16] [17] [18] [19] have been extensively studied over the last two decades. The specific manifestation of anomalous water phase behavior depends on the nature of the confining environment, e.g. surface chemistries, surface roughness, and/or 1D or 2D geometric boundaries that may or may not be deformable.
Graphene, a highly flexible two-dimensional carbon allotrope, 20, 21 has become a paradigmatic example of a 2D hydrophobic confining surface. 22 In graphene nanocapillaries, since the effect of the confining carbon interfaces on water persists at short range (~5 Å), 23, 24 nanoconfined water can adopt a multi-layered structure characterized by strong density fluctuations along the direction of confinement.
Confinement has been shown to play a critical role in the formation of stable multilayered two dimensional ice, [25] [26] [27] which at room temperature forms at pressures on the order of several GPa. 11 Even at ambient pressures the formation of square ice from droplets of water confined between graphene sheets has been observed experimentally, 5 which is possible because the interfacial adhesion forces between the confining graphene surfaces are effectively generating pressures of ~1 GPa within the confined space. Confinement may also give rise to phase coexistence. For example, molecular simulations have revealed a stable liquid water layer that is enveloped between two ice layers under 2D hydrophobic boundaries. 8, 28 Besides thermodynamic control parameters, such as pressure or temperature, the phase behavior of water under confinement is affected by the commensurability between the confinement distance and the density of water. 5, 8, 11, 27, 28 For example, driven through incommensurate transitions, a transformation from a liquid, to a low-density ice phase, back to a high-density liquid, to finally a high-density ice phase, has been predicted for water nanofilms. 9 In another recent study, it was found that oscillations in the shear viscosity of confined water of several orders of magnitude occur over small variations in the confinement distance (under 1 Å). 29 When the density and confining distance are incommensurate, the system can also exhibit a sharp transition to a different multi-layer state with different types of phases. Giovambattista et al. found a phase transition between a bilayer liquid and a trilayer heterogeneous fluid (THF), characterized by highly ordered ice layers close to the confining surfaces and a disordered (liquid) middle layer, upon increasing the density of water while keeping the confinement distance constant between 8 -9 Å. 8 When the confinement distance was kept at 6 Å, a transition between THF and bilayer ice occurred upon decompression instead.
Despite the extensive research efforts, most computational studies have focused on rigid confinement, with only a handful of studies having investigated water confined within flexible surfaces, 5, 12, [30] [31] [32] and none have systematically addressed the phase behavior of water under conditions of deformable interfaces. The question we aim to answer here is whether the phase behavior of water mapped under rigid confinement can be extended to the more relevant scenario of flexible confinement, under ambient conditions of temperature and pressure (0.1 MPa and 300 K) that are relevant in most practical applications.
In this paper, we use molecular dynamics simulations at constant ambient pressure and temperature to study the phase behavior of water confined under flexible graphene sheets in which we systematically vary the amount of water in the nanoslit (the 2D density of water, "# ) and relax the system in the confinement direction so that it reaches an equilibrium confinement distance, %% . We also simulate the same systems using rigid graphene sheets for comparison.
We find that both rigid and flexible cases show intervals of "# where the %% changes systematically from monolayer (ML) to bilayer (BL) to trilayer (TL) commensurate states of the system. However, we find that the phase behavior of water in the different multi-layered states and the transitions between them are qualitatively different for the rigid and flexible cases. Our study provides new comprehensive understanding of the phase behavior of confined water based on a more realistic model of graphene, and we believe it will be useful to interpret experimental results in the future, where graphene is ubiquitously employed.
RESULTS

Out-of-Plane Layered Ordering.
We first analyze how the number of layers in the system varies with the 2D density over the range 0.062 < "# < 0.491, which allows us to sample systems ranging from an incomplete ML to complete TL systems, beyond which most of the system, aside from the water molecules close to the confining surfaces, adopts an equilibrium phase that tends towards bulk conditions. The 2D density, in units of number of water molecules per unit area, is our only control parameter. The confinement distance %% is not prescribed, but adopts an equilibrium value for a given "# , which differs from the theoretical findings regarding the stability of the water phase which used fixed wall distances. 8, 33 In addition, by using "# as a control parameter, we also avoid making ambiguous assignments of the 3D density under confinement, which requires choosing an ill-defined excluded distance from the confining surfaces. 34 Figure 1 . Average confining distance, %% , as a function of the 2D density of water, "# . The average confining distance is calculated by averaging the distance between the graphene sheets at each point in the plane, %% ( , ), over the whole area, = 6 7 . The three transitions between no-water to monolayer (0L-ML), monolayer to bilayer (ML-BL), and bilayer to trilayer (BL-TL) are indicated in the plot by full symbols and vertical arrows. The ML, BL, and TL regimes are also illustrated, separated by discontinuous horizontal lines. ( 〈 %% 〉~6 − 8 Å and 0.062 < "# < 0.123) corresponds to ML states, the second regime (〈 %% 〉~8 − 10 Å and 0.154 < "# < 0.215) to BL states, and the third regime (〈 %% 〉 > 10 Å and "# > 0.245) corresponds to TL states. In the ML and BL states, the equilibrium confinement distance varies only marginally as "# is increased. For the TL case, however, a linear dependence is observed, 〈 %% 〉 ∝ "# , which is a signature of bulk behavior since A# = "# /〈 %% 〉 = constant. 34 The transitions between the (n)-layer and (n+1)-layer states occur for both rigid and flexible graphene walls at the same values of "# , however they are found to be qualitatively different. In the case of rigid walls, the ML-BL and BL-TL transitions are sharp, although more finely spaced density values would be required to quantify whether the two transitions are closer to first or second order behavior. However, for the situation of flexible confinement, we observe a split in the 〈 %% 〉 distances (red filled diamonds in Fig. 1 ), at the same "# transition values as for the rigid walls. Upon closer inspection into the transition states for the flexible walls, we observe the coexistence of an (n)-layer and an (n+1)-layer state ( Figure 2 ). The heat maps in Fig.   2 show the position the water molecules relative to the graphene sheets as a function of %% averaged over time. For the lowest density studied, the strong graphene adhesion between the surfaces traps 1D pockets of ice, similar to the phenomena observed in a previous study. 5 Figure 2 . Systems at the transition between multi-layered states for the case of flexible confinement. (a) 0L-ML, (b) ML-BL, (c) BL-TL. In the snapshots, the oxygen atoms of the water molecules are shown in red, and the carbon atoms of the graphene sheets in grey. In the heat maps on the bottom, warmer colors correspond to a higher probability of finding water there. 
(c)
The incommensurability of the systems is evidenced by a broadening of the density peaks as illustrated by the BL-TL transition at "# = 0.245 ( Fig. 3b ). At the transition, the probability distributions reveal two broad peaks in the case of rigid confinement and a split to a BL/TL coexisting states in the case of flexible graphene walls. The confining distance for the rigid walls, %% = 9.90 Å, also falls in between the %% of the BL and TL coexisting states for the flexible walls, which are 9.50 and 11.45 Å, respectively. In-Plane Structural Order and Dynamics. Now, we study the structure and dynamics of water to assess the in-plane phase behavior in the commensurate states between the transitions, so that we can discern at a coarse level between ice, liquid, and gas phases. For this purpose, we calculate the oxygen-oxygen pair correlation function gOO(r), the angle distributions between coplanar oxygen nearest neighbors, ( ), and the lateral mean-squared-displacement, ! , for all the cases (see Methods). We note that the Steinhardt-Nelson order parameters, 35 which are commonly used to identify ice nucleation for 3D ice, were not particularly useful discern among different phases present in the systems studied here. We start by analyzing the in-plane phase behavior in the ML regime, shown in Fig. 4 . For the lowest density investigated, "# =0.062, there is not enough water to form a full monolayer.
In the case of rigid walls this leads to liquid-vapor coexistence, where the liquid phase is characterized by a diffusivity of ! =2.7 x10 -5 cm 2 /s (Fig. 4a ), similar to the value for bulk water.
The ML liquid structure is best described as a highly defective tetrahedral network as seen in the GG ( ) and the broad peak in ( ) around the tetrahedral angle =104°. 36 It is worth noting that the peak at ≈ 160 J seen in the angular distributions of every case in Figure 4 corresponds to collinear nearest neighbors. By contrast, the flexible graphene system exhibit a rhombic ice structure characterized by peaks in ( ) at =70°, 110° and 160°, with a diffusivity that is 3-4 orders of magnitude smaller than observed for rigid walls (Fig 4b) . The snapshot of the system under flexible confinement reveals a region where there is no water, but unlike the system with the rigid walls, this area is not a vapor region but a region of graphene-graphene contact (also seen in the snapshot in Figure 2a ). When "# = 0.092, the rigid graphene walls shows liquidvapor coexistence, whereas the flexible walls now support the formation of square ice characterized by peak in ( ) at ≈ 90 J . At "# = 0.123 there is enough water for a full monolayer, and both the rigid and flexible graphene walls exhibit the formation of square ice, again supported by a structured GG ( ), the peak in ( ) at ≈ 90 J , and the corresponding selfdiffusion coefficients with nearly arrested values.
As the water density is increased to "# =0.154 the system transitions to the BL regime ( Fig. 5) . At "# =0.154 the system with rigid walls replaces the ice phase with a liquid-vapor coexistence, where the liquid phase has a very similar structure to bulk water as evidenced again by the peak in ( ) at ≈ 104 J (Fig. 5a ). As the water density is increased further to "# =0.184 and "# =0.245, enough water becomes available to create bilayers with complete liquid coverage. A visual analysis of the trajectories reveals small patches of hexagonal ice that nucleate and dissipate on the time scales of the simulation, suggesting that the systems with rigid walls in the BL regime are close to the solid-liquid phase transition. This is also supported by the substantially slower than bulk self-diffusion coefficient, of the order of 10 LM cm 2 /s, observed in all three cases. For the systems with flexible walls (Fig. 5b ) we observe at "# =0.154 the coexistence of a ML solid and a BL liquid phase, as observed also from simulation snapshot shown in Fig 2b. These coexisting liquid phases are structurally different and the GG ( ) and ( ) plots reflect features from both. For example, the position of the 2 nd peak in the GG ( ) agrees with the 2 nd peak of bulk water and comes from the liquid in the BL region. In the same GG ( ) we also observe significant peaks at ~5.5 Å and ~8.5 Å that reflect the square ice structure of the ML region. The ( ) exhibits a broad peak ≈ 100 J that includes the peak characteristic of square ice in the ML region ( =90°) and that of the tetrahedral network of the liquid in the BL region ( =104°). At the higher densities in the BL regime, the flexible system transitions to the liquid state alone. As in the case of rigid confinement the systems are in the cusp of forming hexagonal ice, similarly to that observed for rigid walls. However, the diffusivity in the case of flexible confinement is consistently lower than for rigid confinement. It is also worth noting that the peak in ( ) characteristic of collinear neighbors at ≈ 160 J is much less significant in the BL than in the ML regime. When the density is increased beyond "# =0.245, the systems transition into the TL state. As the density is increased even further, the intermediate layer of water becomes thicker and more bulklike, dominating the behavior of the system eventually at larger confining distances, in good agreement with previous studies. 34 In this case we find that the differences between rigid and flexible graphene walls are found to be minor except for slightly higher self-diffusion coefficients in the latter.
DISCUSSION
In this section we address the real-world applicability of the simulation setup, where the number of confined water molecules is fixed, rather than utilizing some external control parameter such as chemical potential, pressure, or temperature to maintain equilibrium. We performed a small number of simulations where the interlayers were put in contact with a reservoir such that there is exchange of molecules between the reservoir and the interlayer (Figure 6a ). We found the same stable coexisting multilayered states as those found using our original fixed water density setup, supporting the case for coexisting multilayered states of water under flexible confinement. Figure 6 . Alternative setups to simulate systems under flexible confinement at the 0L-ML transition. (a) The graphene confining surfaces are finite in one of the dimensions and the interlayers are in contact with a reservoir. Snapshots of the initial setup are shown above, and side and in-plane views of the equilibrium state below. (b) The setup here is the same as the one used in the rest of the paper but the system is subjected to uniaxial mechanical deformation in the confinement direction. The plot shows the stress response as a function of the simulation box dimensions in the confinement direction, i.e. σxx vs. Lx. The red circles in the plot indicate local equilibrium states. Snapshots of the side view of the system as well as the plan view of each interlayer for each equilibrium state are shown below the plots. The pressure of water parallel to the confinement direction for the state points is: (1) -0.23 ± 0.18 GPa, (2) 0.07 ± 0.02 GPa, (3) 0.04 ± 0.02 GPa.
Nonetheless, we would contend that simulating systems in equilibrium with an external reservoir is not the most experimentally relevant setup to study the multilayered graphene-based membranes. We find support in the literature that the solvent content and interlayer spacing in the membrane can be adjusted through irreversible kinetically controlled processes. For example, 
0L-ML
one such processing technique is "capillary compression" whereby a membrane is first created with a very large solvent content and then is subjected to removal of solvent in a controllable manner by vacuum evaporation. The solvent leaving the system creates capillary forces that decrease the interlayer distance, and once the vacuum evaporation is stopped the system stays with its current solvent content. 37, 38 A different process with similar results is followed by Abraham et al., where the water content in the system is first adjusted by keeping it for very long times at different values of relative humidity, and then it is encapsulated in epoxy so that the water content in the system is preserved. 39 To simulate a typical representative volume element of any one of those experimental systems where the water content is approximately constant but the system is not necessarily in equilibrium with an external reservoir, one needs to study systems like the ones that we present in the paper.
We also evaluate the mechanical stability of the equilibrium states to explore the possibility of other possible metastable states by subjecting the system to uniaxial mechanical perturbations in the confinement direction. We evaluate the stress in the confinement direction, σxx, as a function of the simulation box dimension in that direction, Lx for the flexible walls ( Fig.   6b ) and under rigid confinement ( Figure S1-S3 ). Figure 6b illustrates the existence additional local equilibrium states in the case of flexible confinement at the transition between ML and BL.
The maximum stress associated to each subsequent metastable state diminishes from ~0.65 GPa, to ~0.30 GPa, to ~0. 15 GPa, suggesting that the first equilibrium state is the most stable.
Interestingly, this also holds for all the other systems investigated "# = 0.154 (ML-BL) (Fig.   S1 ), and "# = 0.245 (BL-TL) ( Fig. S2 ). It is worth noticing that the number of alternative metastable states decreases as we increase "# , and also going from flexible to rigid confinement. For example, for "# = 0.245 the only mechanically stable equilibrium state is the one shown in Fig. 2 (Fig. S2 ). This is similar to the conditions employed in other computational studies, i.e. fixing the water content in a given system without the system being explicitly in contact with an external reservoir or implicitly via a grand canonical ensemble. 28, 29, 40 In our case, although a variety of metastable states exist for a given ρ2D, the coexisting multilayered states we have characterized in this work are the most stable to large mechanical perturbations, which makes them likely to be the most experimentally relevant.
CONCLUSIONS
In this paper, we have shown that confinement effects in slit nanocapillaries depend strongly on the flexibility of the planar confining surfaces. We find that the transitions between different multi-layered states of nanoconfined water, although occurring at the same density values, are very different between systems with rigid and flexible walls. Remarkably, while the rigid systems exhibit sharp differences in the confinement distances at the transition incommensurate states, the flexible walls allow the system to spatially split into an (n)-layer and an (n+1)-layer coexisting states. This finding suggests that incommensurate states are unfavorable, such that when the constraint of infinite rigidity of the confining surfaces is relaxed, the system splits into two commensurate states with a different number of layers. Although a similar coexisting state has been observed under imposed inhomogeneous confinement, 28 in this study the coexisting states are qualitatively different because we do not impose any inhomogeneity in the system. Furthermore, within the same multi-layer state, the flexible walls introduce a very different sequence of ice phases and phase co-existence with vapor and liquid phases than that observed with rigid walls. The differences can be dramatic. For example, for incomplete monolayers in the ML regime, square and rhombic ice form in the case of flexible walls while water remains liquid for rigid walls. Because flexible interfaces are widely present in both technological and biological processes, it is of critical importance to understand nanoconfinement effects in the phase behavior of water under realistic conditions, beyond the idealized confinement conditions of infinitely rigid walls. This work is a step forward in that direction.
COMPUTATIONAL METHODS
The model system consists of two parallel graphene sheets with water molecules filling the two interlayers at a prescribed in-plane density "# . Periodic boundary conditions are applied in all dimensions and in all dimensions. The confinement direction is x, and the in-plane dimensions of the system are Ly = 46.2 Å and Lz = 48.5 Å. We use the TIP4P-Ew model of water, 41 and the parameters for graphene, summarized in Tables S1 and S2, have been adapted from previous work. 14, 42 All the simulations were performed with the LAMMPS software package 43 found at http://lammps.sandia.gov. We use a time step of 2.0 fs for all the simulations, and all the simulations are performed at T = 298 K and 1 atm. We use the RATTLE algorithm 44 with a tolerance of 10 -4 to keep the TIP4P-Ew water molecules rigid. We use the particle-particle particle-mesh solver 47 provided in LAMMPS using a relative error in forces of 10 -4 and a cutoff of 9 Å for long-ranged electrostatics.
We equilibrate the systems in two steps. First in order to relieve close contacts or other highenergy configurations in initial system, we run Brownian dynamics 45 for 100 ps using a Langevin thermostat to maintain the temperature at 298 K. During this stage, the displacement of the atoms in a single time step is limited to 0.1 Å. Subsequently, we simulate the system in the NpT ensemble for another 5 ns using a Nose-Hoover extended Lagrangian procedure 46 with a temperature damping parameter of 0.1 ps. A barostat with a damping time of 1 ps is coupled to the confinement dimension x to maintain the pressure at 0.1 MPa. The dimensions of the simulation box are fixed in y and z. After equilibration, we run simulations for an additional 10 ns using the same settings. We collect data for analysis every 500 steps (i.e. 2 ps). In the rigid cases, the graphene sheets are kept rigid but their center of mass position can fluctuate. In the flexible cases the full force field is employed without further constraints.
Analysis.
To calculate GG ( ), 36 
